Abstract-The following paper introduces a model for the stochastic millimeter-wave indoor radio channel. This model relates the stochastic properties of the radio channel to the underlying geometry of the investigated environment. The geometric simplicity of the millimeter-wave channel allows examining fundamental deterministic properties of the wave propagation behavior in environments of predefined randomness, i.e., environments whose dimensions and properties are described by various probability distributions. The influence of the randomness on the radio channel is studied for the down-link of a wireless local area network at 60 GHz. Joint amplitudes of path lengths, angles of departure, and amplitudes, as well as spatial power densities, average power of the direct paths, and factors are investigated.
I. INTRODUCTION
T HE DEVELOPMENT of future wireless local area networks (WLANs) imposes three requirements on the design of channel models (CMs): 1) the models must be valid at carrier frequencies of several 10 GHz; 2) the models must be at least three-dimensional (3-D), since the directions of all impinging waves in 3-D space must be known for an application of smart antennas; and 3) CMs must reflect site specific and general information about the channel, since smart future WLAN access points may exploit site-specific features of any environment in which they are installed.
Wave propagation in indoor environments in the millimeter-wave range is well understood and can be modeled with ray tracing algorithms [1] - [3] . Transmission through walls is very low [1] , [4] , [5] , diffraction is also a minor effect [6] . For these wavelengths, radio cells are, thus, confined to single room environments, which makes the deterministic modeling of millimeter-wave propagation quite tractable compared with complex environments like entire buildings.
The statistically accurate design of a CM still remains problematic, since higher-dimensional statistics requires a large amount of data. Higher-dimensional statistics is an important requirement of future CMs, since the correlation between channel parameters may be of interest for the development of new types of receivers.
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both under "typical" and under "specific" conditions. "Typical" usually means that the system has to work in any environment where it is installed. "Specific" means that the system is tested with regard to some particular property of the channel, for instance under certain angular spreads of the waves, or under conditions with unusually high delay spreads. Any "typical" condition is only a superposition of a whole set of "specific" conditions, weighted with the probability that these specific conditions occur. Many typical scenarios can be conceived of, and the way to define them is somewhat arbitrary. CMs of different properties, caused by different weighting of particular conditions, can thus be developed to represent different radio channels. The system designer has to decide where the system is going to operate, and which properties of the channel it exploits.
Usually, the influence of the geometry and of the dielectric properties of the environment on the stochastics of the radio channel is not explicitly formulated. CMs based on measurement campaigns [7] - [10] or ray tracing studies [11] , [12] implicitly assume that the environments from which the channel data is obtained are "sufficiently random" to be representative for any kind of surroundings of their type. This assumption may be valid at frequencies where transmission through walls is significant and where received waves propagate through a number of geometrically different structures. In the millimeter-wave channel, however, the radio environment depends only on a few geometric parameters, which have a high impact on the stochastic properties of the channel. This dependence has to be formulated for the design of a flexible millimeter-wave CM. Once this is achieved, such a model can be used to systematically study the influence of random geometric and dielectric properties of the environment on the radio channel.
In this paper, a ray tracing algorithm is expanded to yield a stochastic CM in which geometric and electromagnetic side information about the environment is explicitly formulated. Due to the simplicity of the millimeter-wave WLAN channel, this side information can be easily varied; the randomness of the environment is well defined, since it is based on probability densities which uniquely determine its stochastic properties.
In Section II, preliminary aspects of the design of the CM are discussed. After a brief repetition of geometrical optics, the radio channel is described by a physically motivated, deterministic function of the random variables which characterize the geometry of the environment.
In Section III, this function is evaluated by Monte Carlo (MC) simulations for the down-link of a WLAN at 60 GHz. In a number of different environments, the influence of polarization, 0733-8716/02$17.00 © 2002 IEEE wall material, and room geometry is investigated in terms of joint densities of path lengths and angles of departure (AoDs), joint densities of amplitudes, and spatial power densities. The impact of the above mentioned factors on the radio channel is tabulated in form of the average received power of the direct path and the factor.
II. PRELIMINARIES FOR THE DESIGN OF THE CM
The decomposition of the field into the direct path between transmitter ( ) and receiver ( ), and a countable number of reflected rays allows the assignment of a virtual point source to each direction of an impinging ray as the origin of this ray. If the is located at the origin, the entire received amplitude generated by a number of received amplitudes of the point sources , which are located at , is (1) where is the wavelength, and are the gains and and the radiation patterns at the angle of arrival/departure and of and , and is the dyadic Fresnel reflection coefficient for an incident angle [13] , [14] . The index counts successive reflections, and describes their total number for each ray and is lower or equal the maximum order of reflections that is used for a field calculation; the number of sources is upper bounded by the model order of the system. The factor covers the free space loss. Equation (1) is normalized such that gives the output power at the if the input power at the is 0 dBm. The expression (1) is deterministic and can be evaluated if the geometry and the dielectric properties of the environment are known. In communications, however, the radio channel is of stochastic nature, since there is hardly explicit information about the surroundings of and available. Communication systems are supposed to operate in a great variety of environments; wave propagation is, thus, subject to randomness. In this respect, the term environment does not only refer to the surroundings of and (microcell, picocell, etc.), but also to the properties of the and themselves (their orientation, their locations in the environment). This randomness of the environment needs to be described, if a well-defined CM is designed. Moreover, the millimeter-wave indoor channel depends strongly on the room dimensions, i.e., different assumptions about the room sizes yield different radio channels.
The entire information about the path lengths and angles is described by the joint probability distribution , that measures the event that the virtual sources are located within the intervals , . Applying the total probability theorem [15] , the relation (2) holds, where is the joint density of , , and , and and are the volumes in which and can be located in any set of environments for which the channel is estimated. The quantities and denote the location of and . The expression is deterministic, since in a given environment and at given positions of and , any measurement or simulation result is of deterministic nature. Since the power decay in the single room channel is negative exponential [16] , [17] , the main energy components impinge within the first few reflections. For common buildings, any information which depends on the large scale variation of the channel can be extracted using the first two orders of reflection [18] .
Formula (2) provides a simple method to obtain the joint distribution of the locations of the sources by MC simulations. The formula shows that the statistics of the channel model depends on the statistics of and , i.e., to each set of environments there corresponds a particular radio channel. It should be noted that (2) contains for deterministic events the rule for a density transformation at a nonlinearity [15] as a special case.
The simulation of the amplitudes is performed similarly. Once the positions of the virtual sources are known, the complex dielectric constant, , is needed to calculate the received field and the detected amplitude.
As above in the case of the location of the virtual sources (2), the joint distribution of the received amplitudes, , can be written in terms of the density of the corresponding physical quantities, and :
Here, the density is obtained from (2), and the deterministic expression follows according to (1); the conditional density describes the probability that particular materials with complex dielectric constants constitute the walls where the paths of the rays from intersect. It contains the history of the propagating waves when they impinge on the and relates the dielectric properties of the walls to the positions of the virtual sources.
The marginal density of describes rooms of different wall materials, and can thus be used to define different propagation scenarios. For instance, a rather old fashioned office room has heavy walls, rather small windows, and may have some walls of lighter material, whereas a modern office room has walls of lots of glass and light weight, but only a minor portion of heavy materials. Applying corresponding probability densities, the influence of the wall materials on the statistics of the received amplitudes and the power spectra can be studied systematically.
It should be noted that (3) does not include nonline-of-sight (NLOS) situations. NLOS occurs when the direct path is blocked, e.g., by a large piece of furniture or by a human. The probability of blocking of the direct path and the multiple paths is required to simulate such a situation. In order to extend the present model to a NLOS situation, it is proposed to simply erase the direct path or to attenuate it artificially.
III. SIMULATIONS
The joint probability densities of the location of the sources and the amplitudes are estimated for several scenarios. Each scenario is defined by a probability density for the room size, for the location of , the location of , and for the dielectric constants which describe the wall materials. and are located within the same room, which is characterized by its length, width, and height; thus, the entire geometry can be described by a three-dimensional (3-D) vector , each component of which is uniformly distributed between a lower and an upper bound. The densities for the location of and are also assumed to be uniform within the following boundaries. Except for the last set of simulations, is always attached randomly anywhere to the ceiling, and is bounded between a fifth and a half of the height of the room anywhere above the floor. This corresponds to the downlink in a WLAN system, where the terminal is somewhere between table and head height of a person in the room, and the access point is somewhere attached to the ceiling. Only for the last simulations these bounds were changed in order to investigate explicitly the influence of the spatial distribution of and on the received power. Assuming the densities for the locations of and and the room size to be mutually independent, formula (2) can be written as (4) where , , and are assumed to be the product of their three independent vector components. The values , , and are now discrete numbers drawn by the random number generator of the computer. A sampled joint probability density can then be obtained from (4) if the interval length introduced for (2) is chosen sufficiently small.
The simulation of the amplitudes is performed using (3) with being independent from . Thus, for each point of reflection a new realization of the dielectric constant is drawn. Since only the first and second-order of reflection is simulated, the event that two reflection points are on exactly the same location and must have the same dielectric constant is for the chosen setups impossible.
The densities for the dielectric constants are discrete and of the form (5) where , is the total number of different materials in the rooms, and is the dielectric constant of material .
The antenna of the is assumed to have a uniform pattern in the lower half sphere, a zero pattern in the upper. Its polarization is chosen as linear. The antenna of the is also linearly polarized. It has an isotropic pattern, which corresponds to a uniformly random orientation of the terminal in space. If not otherwise stated, simulations are carried out at 60 GHz.
The dependence of the channel characteristics is systematically investigated for different configurations of antenna polarizations, for different wall materials, and for different room geometries and spatial distributions of and . The results are displayed as two-dimensional (2-D) probability densities of the received amplitudes, as spatial power densities in the azimuth elevation plane of the , and as 2-D probability densities of the location of virtual sources. Also, the mean received power of the direct path (here the line-of-sight, LOS),
, and the factors are given. The factor is defined as (6) where is the power of the scattered components [19] . In the present case it thus relates the power of the direct path with the total power of the reflected paths.
Each figure is based on 2048 realizations of the radio channel; when the received power is given only, the corresponding simulation was carried out with 512 realizations. For the calculation of the power densities and the average power, uniformly distributed phases are assumed.
A. Dependence of Path Lengths and AoDs on the Geometry of the Room
AoDs are most easily obtained when the ray tracer calculates not the positions of the virtual sources, but of the virtual receivers. This strategy is shown in the upper part of Fig. 1 , where the dependence of the locations of the virtual receivers on the room geometry is demonstrated for a deterministic scenario. The larger the room, the longer are the distances between the virtual receivers, and the longer are the path lengths of transmitted rays. If the room is rectangular, path lengths are largest when the rays are transmitted into the direction of the longest room dimension.
If the room dimensions and the locations of and are random, the distribution of the path lengths and the AoDs reflect the probability density used to describe the geometry of the room. The middle and the bottom part of Fig. 1 In the middle part of the figure, the joint density of the path lengths of all rays up to the second-order reflection combined with their respective azimuth AoDs ( ) is displayed. The two long fingers at 0 /180 indicate long path lengths at these angles and show that for the chosen distribution of side lengths many rooms have a long, rectangular shape. The long side is parallel to the axis, so that the transmits all rays that have a long path length into an azimuth close to 0 or 180 . At short path lengths, the azimuth of the transmitted rays is about uniformly distributed; this part of the distribution refers to smaller, more cubic rooms.
The upper part of Fig. 1 shows that the virtual receivers are located on a 3-D grid. Such a grid structure yields strong correlations among the AoDs. This is demonstrated in the bottom part of the figure, which shows the density of the azimuth angles of the reflected rays, conditioned on the azimuth angle of the direct path. This plot can be decomposed into a contribution from the first-order floor reflected ray and and contributions from the wall reflected rays and reflections of higher order. The floor reflected ray has always the same azimuth angle as the direct path, which causes the diagonal that is visible in the plot. The azimuth of a first-order wall reflection is identical to the azimuth of the direct path, if and are in a line parallel to the normal vector of the wall. These cases can be seen as the high peaks in the azimuth-azimuth planes at (0 , 0 ), ( 90 , 90 ), ( 180 , 180 ). Two opposing walls contribute almost in the same manner to the density and cause the very regular structure of the density. Most AoDs of higher-order reflected rays behave also in a very regular way and cannot be distinguished in this pattern. Since in the azimuth plane no path length information is contained, this figure is independent from the absolute values of the room size and depends only on the ratio of the side lengths.
B. Statistics of the Amplitudes 1) Dependence on Antenna Polarizations:
The influence of the antenna polarizations on the statistics of the amplitudes and the received power is investigated for a room of fixed size (8 m 8 m 4 m) and fixed dielectric constant ( , concrete at 60 GHz [20] ). Two configurations are investigated: The linearly polarized and are either both parallel or both perpendicularly aligned to the floor of the room. These two configurations will be abbreviated as parallel and perpendicular polarization.
In Fig. 2 , the resulting spatial power densities in the azimuthelevation plane of the are plotted. Slight differences between the two plots can be recognized.
The results for parallel polarization are shown in the upper part. The strongest contributions are found at the azimuth angles 0 , 90 , 180 . In this case, and are in a line parallel to the normal vectors of two opposing walls. The parallel transmitted field vector is perpendicular to the plane of incidence at the wall and is again received as parallel component. If and are not aligned parallel to the normal vectors of two opposing walls, the reflection involves both the perpendicular and the parallel component of the field at the wall. The reflection coefficient for parallel polarization in the plane of incidence is generally lower; stronger attenuation of this component causes the reflected field vector not to be completely parallel polarized to the floor, and the amplitude of the received component is decreased.
In the bottom part of the figure, the power spectrum for perpendicularly polarized antennas is shown. In this plot, all reflections are of about equal strength in the domain. The perpendicularly polarized field vector of the antenna always has at the surface of the walls perpendicular and parallel components; there is hence no azimuth angle which yields stronger reflections.
The elevation range which contributes most to the received power is in both plots between 90 and 135 . This seems surprising, since the shortest propagation path and, hence, the lowest free space loss is accounted at 180 , when the is directly above the . If, however, both are randomly distributed above the entire floor, this event occurs with lowest probability and cannot contribute to the received power.
2) Dependence on the Dielectric Properties of the Room: Rooms of different wall materials are created to investigate the influence of the dielectric constant on the statistics of the received amplitudes. The room size is again fixed at 8 m 8 m 4 m. The following materials are chosen: aerated concrete at 60 GHz ( 2.26 0.10), concrete at 60 GHz ( 6.14 0.30), glass at 60 GHz ( 6.13 0.50), and brick at 24 GHz ( 4 1). The first three values are taken from [20] , the fourth from [21] . The values represent typical building materials and cover a relatively wide range of possible dielectric constants. In particular, the last value is chosen because it bridges the gap between the high values of glass and concrete and the low value of aerated concrete.
The impact of the dielectric constant on the statistics of the radio channel is demonstrated in Fig. 3 . The figure displays the joint densities of the amplitude of the direct path and the first-order reflected amplitude. The plot on the top results from simulations in a room completely made of concrete, that on the bottom from a room completely made of aerated concrete; antennas are parallel polarized.
The somewhat irregular shapes of the densities give an impression of the complicated interplay between the geometry of the room, the Fresnel reflection coefficients, the dielectric constants, and the polarization of the antennas. This makes the exact prediction of received amplitudes in deterministic scenarios such a complicated task. The variation of the dielectric constant results, however, only in a scaling of the reflected amplitudes, i.e., in a scaling of the right-hand axis of the displayed plots.
This behavior is also visible in the case of mean quantities describing the radio channel. Two important average quantities of the radio channel are the average power of the direct path, , and the factor. Since the factor is proportional to the ratio of the power of the direct and of the reflected paths, it reveals the impact of different dielectric constants on the radio channel. Table I displays and the factors for both polarizations. The value of is for the chosen antenna configurations in- dependent from the polarization; as the simulation results were almost equal, only the result for the perpendicular component is given. The factors are given for both the parallel ( ) and the perpendicular polarization ( ). Since the value of brick is valid at 24 GHz and not at 60 GHz, the simulation is performed at 24 GHz, and the values are corrected with the square of the ratio of the two frequencies. This procedure obviously assumes the frequency independence of the dielectric constant of brick within the range of 24 to 60 GHz, which is not guaranteed; the simulated factor can nevertheless be interpreted to belong to a brick-like material with a dielectric constant of 4 1 at 60 GHz.
The factors for both polarizations are much alike; also, glass and concrete, which have quite similar dielectric constants, have similar factors, i.e., they reflect in similar strength. For the given scenario, concrete and glass reflect in the mean 6 dB more than aerated concrete, and 2 dB more than brick. Using the dielectric constants given above, rooms with walls composed of arbitrary combinations of these materials can be constructed. As an example, a so-called modern office is created, which is constructed of 50% glass, 30% aerated concrete, and 20% concrete [cf. (5) ]. A second room type, called old-fashioned office, is composed of 20% glass, 10% aerated concrete, and 70% concrete. The values of , , and , obtained from simulations, are given in Table II . Obviously, the results can more easily be derived directly from the values obtained in Table I together with the probability of occurrence of the wall materials; the results of the latter approach coincide in fact very closely with the values derived from the simulation. The factor of the old fashioned room is close to that of a room completely made of concrete, since the fraction of light building material is only 10%. The average reflected power of the modern building is lower, since there is a higher amount of aerated concrete.
3) Dependence on the Geometry of the Room and the Location of
and : For the investigation of the influence of the geometry on the spatial power density at the , random rooms of the modern type, with side lengths uniformly distributed between 4 m 4 m 4 m and 30 m 8 m 4 m are simulated. The result is shown in Fig. 4 . Compared with the power densities in Fig. 2 , the received power is much more concentrated both in the azimuth and the elevation plane. The rooms investigated in this section are on average bigger and more rectangular than the structure with equal side lengths that was investigated in Section III-B1. Similar to the case of the location of the virtual receivers in Fig. 1 , the directions in which power is transmitted to the receiver is restricted to certain narrow ranges. Most of the power is transmitted into the 0 and 180 azimuth, because for the given distributions of room sizes side lengths tend to be longer in this particular direction; the probability that a receiver is in this direction is higher. The examples in Figs. 2 and 4 show that an approximate construction of the shape of the spatial power density is already possible when only rough information about the environment around and is given. The results of another simulation study deal more extensively with the influence of the geometry and the location of and on the received power. They are tabulated in terms of , , and . All simulations are performed in the modern room type, all rooms have a height of 4 m.
In Table III is slightly lower than , whereas in the case of more cubic rooms (4 m 4 m, also 8 m 8 m) is higher. However, the dependency of the factors on the room geometry is not strong. This result makes sense: no power can escape from a room with reflection coefficient one, so that in this case the factor must be independent from the size and the geometry. Then, however, this independence cannot hold only for a particular reflection coefficient; it must be valid for any wall material, which explains the result of the simulations.
Three sets of rooms with random floor areas are examined (Table IV) is fixed in the middle of the ceiling, is distributed as in (1); 3) is distributed as in (2), is between 0.8 m and only 1 m over the floor; and 4) is distributed as Table V shows that in both rooms the influence of the different distributions on is small; this can be expected, because the variation of the path lengths due to the different distributions is only minor. A higher influence could only be expected if the distributions alter the possible distances between and significantly, e.g., by confining the location of the terminal within a very small area. The factors increase slightly, when the is fixed; they decrease, when the height of the is lowered.
IV. CONCLUSION
In this paper, a stochastic millimeter-wave CM has been introduced. With regard to deterministic wave propagation, the millimeter-wave channel has relatively simple properties, so that MC simulations with a ray tracer allow to create stochastic CMs numerically. A large number of simulations can be performed within a few hours, which results in a high statistical accuracy of the model and enables to study the joint densities of the amplitudes and spatial power densities. The environment for which the CM is designed may be simplified; it is, however, well defined in stochastic terms and enables systematic studies of the channel properties.
Since geometrically, the millimeter-wave radio channel only depends on a few parameters, their impact on the channel is significant. The highly regular structure of the environment shapes the distributions of the locations of the virtual sources as well as the spatial power densities.
The mean received LOS power and the factors also depend on the properties of the environment. An investigation of the influence of the wall material yields a difference of more than 6 dB between the factors in an environment with walls of concrete and aerated concrete. For , a 6-dB variation is found if the room size is increased from 4 m 4 m 4 m to 30 m 8 m 4 m, whereas the factor remains approximately constant. Variations of the distributions of the location of the and the have in general a minor impact on average channel parameters.
The flexibility of the model for the definition of an environment allows to easily investigate the radio channel in a great variety of situations; the impact of different environments on the performance of future communication systems can be studied for worst cases as well as for any other desired set of possible scenarios.
